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Abstract It is very important to measure local deformations for an in-depth understanding of
mechanical properties and fracture mechanism of structural and functional materials. In this paper,
diﬀerent types of model grid fabrication methods and many types of electron Moire´ methods using
an electron beam drawing system, a scanning electron microscope or a focus ion beam are reported,
together with their applications in the measurement of deformations occurring in various engineerings
and materials science research. c© 2012 The Chinese Society of Theoretical and Applied Mechanics.
[doi:10.1063/2.1201101]
Keywords electron Moire´ method, micro and nano lithography, electron beam scan, secondary elec-
tron, micro deformation measurement
I. INTRODUCTION
In order to understand mechanical properties and
fracture mechanism of structural and functional mate-
rials, it is very important to measure their local defor-
mation (local strain, local stress distribution and slid-
ing or slip). Therefore, there are a great many tech-
niques available for strain or stress distribution mea-
surement, such as the strain gage method, photo elas-
ticity method, optical Moire´ method, etc. Of these
methods, the conventional optical Moire´ method1–8 is
one of the convenient approaches to accurately measure
and virtually understand the deformation of materials.
However, these methods are diﬃcult to apply in the de-
formation measurement on a microscopic scale. There-
fore, some researchers have developed many advanced
optical Moire´ methods.9–14
To measure the micro-deformation in a very small
area (of micro-meter order), the authors have developed
an electron Moire´ method,15,16 which was later advo-
cated by many researchers.17,18 In this paper, many
types of electron Moire´ methods using an electron beam
drawing system, a scanning electron microscope (SEM)
or a focus ion beam (FIB) are reported with their appli-
cations to the measurement of deformations occurring
in various engineerings and materials science research.
II. ELECTRON MOIRE´ METHOD
The electron Moire´ method is a deformation mea-
surement method using the Moire´ fringe produced by
the diﬀerence in the amount of emitted electrons when
the model grid is exposed to an electron or ion beam
scan. An electron or ion beam scan works as a mas-
ter grid. When the system, which observes the electron
Moire´ fringe, is diﬀerent, the name of this method is
called diﬀerently. For example, when an electron beam
drawing system is used, this method is called the elec-
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Fig. 1. Principle of the electron Moire´ method15,16 (modi-
ﬁed).
tron beam Moire´ method. When an SEM is used, this
method is called the SEMMoire´ method.19–21 When the
FIB is used, this method is called an FIB Moire´ method
and when a digital SEM is used, this method is called
the digital Moire´ method.22
A. Principle of electron Moire´ fringe observation
The principle of the electron Moire´ fringe observa-
tion is shown in Fig. 1.15,16 A model grid is prepared by
various methods on the surface of the specimen before
deformation. An electron beam scan or an ion beam
scan having almost the same space as that of the model
grid can be used as the master-grid. The diﬀerence
in the amount of emitted electrons per a primary elec-
tron produces the Moire´ fringes (electron Moire´ fringes)
that consists of bright and dark parts. Figure 2 shows
one example of electron Moire´ fringe observed around a
micro-hole of the polymer specimen.
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Fig. 2. An example of the electron Moire´ fringe caused by
the diﬀerence of the emitted electrons.15
B. Fabrication method for model grid and grating
1. Electron beam lithography
The procedure for producing a model grid is shown
in Fig. 3.15,16 The specimen must at ﬁrst be polished to
a mirror-like ﬁnish, then it is covered with an electron-
sensitive layer (electron beam resist). The specimen
was then mounted on the specimen stage in an SEM
or electron beam lithography system for the electron
beam exposure. After the electron beam exposure, the
specimen coated by the electron beam resist was devel-
oped in a solution and then immediately rinsed. The
specimen was next coated with a very thin layer (10–
20 nm) of gold by a sputtering method. After removing
the electron beam resist, the model grid is ready for
use. Figure 4 shows an example of the model grid fabri-
cated by this method. Similar methods have also been
reported by many researchers.23–27
2. Interferometery
This is a method used to fabricate grating on a spec-
imen by the replicated method.28 If two collimated light
beams intersect at the required angle, a virtual grating
is produced. When a photographic plate (glass plate
with emulsion) is exposed to the virtual grating, there
are chemical and physical changes in the emulsion that
will occur during developing, bleaching and drying and
then a regularly corrugated surface is obtained. With
a coating of aluminum on the regularly corrugated sur-
face, the mold was fabricated. When the patterns were
transferred to the polymer on the specimen, the model
grating is produced.
3. Principle of hot embossing lithography
The grating fabrication method using the hot em-
bossing lithography (HEL) process was reported by
Tang et al.29 This method involves an imprint step with
physical deformation of a thin ﬁlm of a thermoplastic
polymer cast on a substrate using a rigid mold under
Fig. 3. Schematic diagram of model grid by electron beam
lithography15,16(modiﬁed).
Fig. 4. Scanning electron microscope image fabricated by
electron beam lithography15(modiﬁed).
pressure and elevated temperature above the glass tran-
sition temperature (Tg), followed by solidiﬁcation and
demolding after the polymer is cooled to a temperature
below its Tg. After the patterns were transferred to the
polymer, a metal layer was deposited before it was used
as a reﬂective grating.
4. Focused ion beam milling method (FIB)
Du et al. and Li et al. used the focused ion beam
(FIB) milling method to fabricate a sub-micron grating
on TiNi shape memory alloy materials.30,31 With self-
made FIB milling gratings, the scanning electron mi-
croscope (SEM) micro-Moire´ and digital Moire´ method
were successfully used to measure the large deforma-
tion of porous TiNi shape memory alloys (SMA) during
uniaxial compressive tests. They veriﬁed that the FIB
milling gratings are suitable for micro-Moire´ measure-
ments and can generate high quality Moire´ fringes.
011001-3 Electron Moire´ method Theor. Appl. Mech. Lett. 2, 011001 (2012)
Fig. 5. Micro-grids fabricated by femto-second laser expo-
sure, (a): parallel lines observed by an electron beam micro-
scope (SEM), (b): cross grid observed by SEM32 (modiﬁed).
Fig. 6. Electron Moire´ fringe of the pure copper specimen
crept for 90 h; (a) and (b), 140 h; (c) and (d) and 165 h; (e)
and (f)15,16(modiﬁed).
5. Femto-second laser exposure
The femto-second laser has recently been developed
and used for surface treatments.32 Kishimoto et al. used
this technique to fabricate a micro-model grid for the
electron Moire´ method.33 The metallic specimens were
machined and polished and then the micro-grids were
fabricated by laser exposure with the femto-second laser
system (Cyber Laser: IFIRT) using high magniﬁcation
lens and a highly accurate X-Y stage. During the ex-
posure of the surface to the femto-second laser, the X-
Y stage accurately moved and the micro-grid was then
fabricated. The images of the micro grids are shown
Fig. 7. Strain distribution of the pure copper specimen
crept for 90 h; (a) and (b), 140 h; (c) and (d), 165 h; (e) and
(f)5,16(modiﬁed).
in Figs. 5(a) and 5(b). Figures 5(a) and 5(b) show the
parallel lines and the cross grid observed by a scanning
electron microscope (SEM), respectively. The lines in
the SEM images (Figs. 5(a) and 5(b)) can be observed
as bright lines, and very ﬁne lines (the spacing is sub-
micron) can be observed in the lines. These ﬁne lines
were thought to be fabricated by the femto-second laser
ablation.32 These ﬁne lines make the grids in the SEM
image brighter due to the large number of secondary
electrons.
III. APPLICATIONS OF ELECTRON MOIRE´ METHOD
This electron Moire´ method has many applica-
tions. And several examples for measurement of micro-
deformation are presented here
A. Strain measurement
There are many investigations on the measurement
of the strain distribution by the electron Moire´ method.
Using the Moire´ patterns corresponding to the u-ﬁeld
(x-direction) or v ﬁeld (y-direction), the components of
strain εx and and εy in the x-y plane can be calculated
by Eq. (1).15,16,34–36
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Fig. 8. Image of electron Moire´ fringe (a), an SEM image (b), and the distribution of the grain boundary sliding (c) and
(d)16 (modiﬁed).
In case of ax, ay > a,
εx =
a



























where a denotes the pitch of the master grating (i.e. the
spacing of the electron beam scans), dx and dy denote
the spacing of the Moire´ fringe in the x and y-directions,
respectively. a′x anda
′
y denote the pitch of the model
grid in the x and y-directions before exerting the load,
respectively. a′x and a
′
y are usually of the same value.
The change in the Moire´ fringe patterns in the same
area of a pure copper specimen after creep deformation
for 90, 140 and 165 h is shown in Fig. 6 respectively.
These Moire´ fringes in Figs. 6(a), 6(c) and 6(e) were
observed by scanning electron beam exposures with a
4.4 μm spacing in the x-direction. Figures 6(b), 6(d)
and 6(f) were observed by a scanning electron beam ex-
posure with a 4.2 μm spacing in the y-direction (loading
axis). As the creep proceeds, the Moire´ fringe becomes
more complicated and its spacing generally becomes
narrower. Oﬀsets of the Moire´ fringe can be observed
at the grain boundaries. This means that grain bound-
ary sliding occurs. Figure 7 shows the strain calculated
from the spacing of Moire´ fringe in Fig. 6 at each point.
As the creep proceeds, the strain distribution becomes
more complicated.
B. Grain boundary sliding
Kishimoto et al. observed grain boundary sliding
and measured the amount of oﬀsets at the grain bound-
ary by the electron Moire´ method.16 The oﬀsets at the
grain boundary, Δd, can be calculated by Eq. (2)
Δd = a′(Δd/d), (2)
where a′ denotes the pitch of the model grid, Δd denotes
the oﬀset of the Moire´ fringe and d denotes the spacing
of the Moire´ fringe. Figure 8 shows an electron Moire´
fringe (a), an SEM image (b) and the distribution of
the grain boundary sliding (c).
C. Residual stress and strain
Xing et al. measured the residual stresses around
a ﬁber in ﬁber reinforced plastics and metals using the
electron Moire´ method and pushing-out test.37 Figure 9
shows an example of the electron Moire´ fringe pattern
around the hole after pushing out test. The material is
a ﬁber reinforced plastic. These electron Moire´ fringes
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Fig. 9. Moire´ fringe pattern around the hole after push-
ing ﬁber out produced by the electron beam scan in the x
direction (a) and the y direction (b)37 (modiﬁed).
Fig. 10. Residual stress distribution around a ﬁber in a
ﬁber reinforced metal37 (modiﬁed).
were fabricated by electron beam scan in the x direction
(a) and the y direction (b), respectively. The spacing
of electron Moire´ fringe is changed near the hole. From
the strain change between before and after pushing ﬁber
out, the residual strain around the ﬁber was measured.
And then, the residual stress was calculated.
Figure 10 shows an example of the residual stress
of the ﬁber reinforced metal. The matrix metal is Ti
alloy. The residual stress is compressive, and an inter-
facial residual stress exists in the radial direction at the
interface between the ﬁber and the matrix. The level of
this residual stress is about 130 MPa in the ﬁber rein-
forced titanium alloy. Also, Lee measured the residual
stresses around the micro-Vickers indenter.38
D. Deformation analysis of shape memory alloy
Xie et al. measured the mechanical behavior of
Ferro-based shape memory alloys (SMA) by the elec-
tron Moire´ method.39 When the specimen is subjected
to a uniform tension load at room temperature, the un-
loading residual strain values in the diﬀerent regions
under the same tensile load are compared, so do the
values in the same region under diﬀerent tensile loads.
E. Nanoporous array
Yamauchi et al. demonstrated a new method to
measure the domain sizes and the periodicities of pore
arrangements and determine the domain boundaries in
a designed PAA ﬁlm with conical nanopores.40 Such
structural information can be simultaneously obtained
by utilizing the electron Moire´ fringes without direct
observation of the nanopores. Furthermore, Ni cone ar-
rays were produced by a replication method using the
PAA ﬁlm. Very clear electron Moire´ fringes can be
visualized on the surface of the Ni cone arrays. The
domain-shape and the average domain-size in the ob-
served Moire´ fringes are very similar to those observed
from the PAA ﬁlm used as the original template.
F. Nano-particle array
Yamauchi et al. developed a new method to mea-
sure the spacing and direction in the ordered assembled
nanoparticles.41 All the detailed information can be si-
multaneously obtained on a macroscopic level using the
electron Moire´ fringes generated from the nanoparti-
cle assemblies. Structural information such as domain
sizes and orientation directions in ordered assembled
nanoparticles can be simultaneously obtained using the
generated electron Moire´ fringes without direct obser-
vation of the nanoparticles.
G. Butterﬂy
Xie et al. used the scanning electron microscopic
(SEM) Moire´ method to study the surface structure of
three kinds of butterﬂy wings: Papilio maackii Men-
etries, Euploea midamus (Linnaeus), and Stichoph-
thalma Howqua (Westwood).42,43 Gratings composed of
curves with diﬀerent orientations were found on the
scales. The planar characteristics of the gratings and
some other planar features of the surface structure of
these wings, in terms of virtual strain were revealed.
Experimental results demonstrated that SEM Moire´
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method is a simple, nonlocal, economical and eﬀective
technique for determining which grating exists on the
whole scale, measuring the dimensions and the entire
planar structural character of the grating on each scale,
as well as characterizing the relationship between the
gratings on diﬀerent scales of each butterﬂy wing. Thus,
the SEM Moire´ method is a useful tool to assist people
in characterizing the structure of butterﬂy wings and
explaining their excellent properties.
H. Electric circuit
Xie et al. measured the deformation of the tiny
structure of a strain gauge sensor.27 The residual de-
formation of a strain gauge sensor is measured after a
direct voltage is imposed on it. The successful results
veriﬁed the feasibility of the Moire´ grating fabrication
using electron beam lithography, and the grating has a
good potential for wider applications.
I. Fracture toughness
Krishnamurthy and Reimainis investigated the frac-
ture toughness of a chromium nitride ﬁlm on a brass
substrate.44 The crack-tip displacement ﬁelds were mea-
sured by the electron beam Moire´ method and the stress
intensity factor was obtained using displacement ﬁeld
equations.
J. Thermal expansion
Zhong and Nah measured the shear strains in an
electronics package using the SEMMoire´ method.45 The
interference pattern was formed by grating replication
on a specimen and bombarding the grated specimen
with an electron beam. The thermal shear strains in
the solder joints were calculated using the Moire´ pat-
terns observed by an SEM.
K. Deformation of composite
Dally and Read introduced the principle of the gen-
eration of electron beam Moire´ fringe and observed
the change of Moire´ fringes around the ﬁbers and ma-
trix in glass ﬁber reinforced plastics before and after
deformation.17
L. Theoretical analysis
Read and Dally18 carried out theoretical analysis of
the electron beam Moire´ method, and Li et al. per-
formed theoretical analysis and experimental veriﬁca-
tion of fringe multiplication using a scanning electron
microscope (SEM). Berger et al. studied the errors in-
curred in using the experimental electron-beam Moire´
method.46 Li et al. conducted theoretical analysis of
the Moire´ fringe multiplication.47
IV. CONCLUSION
Since 1991, the electron beam Moire´ method has
been developed and utilized for measuring the defor-
mation of various materials in diversiﬁed applications.
Along with the development of the electron drawing sys-
tem, SEM, and FIB, ﬁner electron Moire´ fringes can be
observed and the micro-deformation in a smaller area
can be measured. It is hoped that this electron Moire´
method will be applied by more researchers to broader
research ﬁelds
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